Monoclonal antibodies are not only highly regarded as reagents for basic biochemical research but also for clinical diagnostic and therapeutic applications. [1] [2] [3] [4] The production of a monoclonal antibody is laborious and time-consuming using established methodology involving the immunization of animals with large amounts of antigen, the isolation of B cells and the production of antibody-producing hybridomas. Therefore, the development of a rapid and easy method to produce monoclonal antibodies is highly desirable as an alternative to conventional hybridoma technology. 5, 6) Over recent years, phage display library technology has received a great deal of attention in terms of antibody production.
Over recent years, phage display library technology has received a great deal of attention in terms of antibody production. [7] [8] [9] [10] The phage display system is able to construct a large repertoire of protein or peptide libraries consisting of hundreds of millions of molecules. The phage antibody library which displays the single chain Fv fragment (scFv) of immunoglobulin is one of the most promising applications of the phage display system. Monoclonal antibodies against target antigens are obtained rapidly by the use of an affinity panning procedure in vitro which selects and amplifies the phage clones specific for the antigen required. There are two different types of phage antibody library system: the immune library made by using B cells isolated from patients or immunized animals as a gene source, 11) and the non-immune library made by using B cells isolated from healthy persons or non-immunized animals. 12, 13) By using the non-immune library, antibodies for vast number of different kinds of antigens can be isolated without the need for in vivo immunization. However, several studies report that the common nonimmune scFv libraries do not function effectively because of inefficiencies related to library preparation. The first problem associated with scFv library preparation is poor coverage of the PCR primer set used to amplify immunoglobulin genes. The second problem relates to the complicated procedure associated with the 3 fragment assembly which connects the VL and VH gene to a linker sequence. This assembly process is inefficient and often cause sequence frame shifts resulting in poor library quality.
In an attempt to overcome these problems, we previously attempted to construct a higher quality library by preparing an scFv library with improved PCR primer sets. 14) However, because the previous primer sets were constructed using mixed bases, the combinations of primer sets available to amplify the VL and VH fragments amounted to approximately two billion and six billion sets, respectively. Therefore, the ratio of one primer contained in primer sets was extremely low. In addition, because the amplification efficiency of PCR was extremely low, it was possible to incur bias in the amplification of antibody genes. Moreover, antibodies could not be isolated to some antigens using the previous library. In order to prepare a much better quality scFv gene library, it is necessary to re-design new primer sets for which the amplification efficiency of PCR is extremely high.
In the present study, we re-generated the original primer sets to remove any unnecessary primer variation whilst taking care to maintain sufficient diversity to encompass a wide variety of antibody genes. Using this new primer set, we were able to amplify antibody genes effectively and prepare a much better quality scFv gene library. Furthermore, we optimized the use of antibody selection methods with this new li-brary and successfully isolated several high affinity clones specific for a tumor endothelial marker, KDR. 15, 16) 
MATERIALS AND METHODS

Construction of scFv Genes
Total RNA was extracted from spleen cells and femoral bone marrow cells prepared from non-immunized 6-week-old male C57BL/6, Balb/c, and C3H mice. The mRNA was purified using a mRNA Purification Kit (Amersham Biosciences, Piscataway, NJ, U.S.A.) and first-strand cDNA was synthesized with the SuperScript TM III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, U.S.A.). From each cDNA, immunoglobulin heavy-chain and light-chain genes were separately amplified and recombined by three subsequent PCR reactions as follows. In the first-step PCR, variable regions of the heavy and light chain genes (VH and VL) were amplified. The light chain 5Ј primers were modified to include an Nco I site, and heavy chain 3Ј primers to include a Not I site. Light chain 3Ј primers were designed to assemble with heavy chain 5Ј primers (Fig. 1 ). Light and heavy chain variable region genes were amplified by PCR reaction containing 1 ml of RT PCR products (cDNA) and 2 pmol of each primer set. The samples were cycled 35 times at 96°C for 60 s, 50°C for 60 s, and 68°C for 60 s. The PCR products were then purified using a QIAquick PCR Purification Kit (QIAgen, Valencia, CA, U.S.A.). In the second PCR, equal amounts of the previously amplified VL and VH DNA were mixed and cycled 20 times at 96°C for 60 s, 63°C for 60 s, and 68°C for 60 s without primers. The resulting PCR products, the scFv gene library, were then purified using a QIAquick PCR Purification Kit. In the third-step, the additional sequences were extended from Nco I and Not I sites upstream of the scFv gene library by overlap PCR using primer Y15 (5Ј-GCCAA-GCTTTGGAGCCTTTTTTTTGGAGATTTTCAACGTG-AAAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTT-TCTATGCGGCCCAGCCGGCCATGGCC-3Ј) and primer Y16 (5Ј-TTAGTAAATGAATTTTCTGTATGAGGTTTTGC-TAAACAACTTTCAACAGTCTATGCGGCACGCGGTTC-CACGGATCCGGATACGGCACCGGCGCACCTGCGGC-CGC-3Ј) by cycling 35 times at 96°C for 60 s, 65°C for 60 s, and 68°C for 60 s.
Construction of Non-immune Mouse scFv Phage Libraries and DNA Sequencing The PCR amplified scFv genes and pCANTAB5E phagemid vector were digested with Nco I and Not I. The resultant scFv fragments were inserted into the pCANTAB5E vector to generate a scFv-gene III fusion library, using T4 ligase (Roche Diagnostics, Indianapolis, IN, U.S.A.) at 16°C for 16 h. The ligated product, E. coli TG1 was transformed by electroporation and grown at 37°C on culture plates containing 2YT medium supplemented with 100 mg/ml ampicillin and 2% glucose (2YTAG medium). Twelve clones were selected at random and insert plasmid DNA was sequenced and analyzed.
Phage Purification A scFv phage library containing 2.4ϫ10 9 clones was used for the affinity selection. Glycerol stocks of the scFv library were grown in the log phase, rescued with M13KO7 helper phage (Invitrogen) and then amplified at 37°C for 6 h in 2YT medium supplemented with 100 mg/ml ampicillin and 50 mg/ml kanamycin. The phage was subsequently precipitated with PEG-NaCl (4% PEG, 0.5 M NaCl) and then resuspended in NTE buffer (100 mM NaCl, 10 mM Tris, and 1 mM EDTA).
Affinity Panning Affinity panning was performed by using the BIAcore 3000 system (BIAcore, Uppsala, Sweden). The sensor chip CM3 (BIAcore) was modified with 5 mg of antigen (KDR-Fc chimera; R&D systems Inc., Minneapolis, MN, U.S.A.) or luciferase (Promega Co., Madison, WI, U.S.A.). The scFv phage library was then incubated with 50% HBS-EP buffer (BIAcore) and loaded onto the antigenimmobilized sensor chip. After the binding step, the sensor chip was rinsed with HBS-EPT (HBS-EP containing 0.05% Tween 20). Bound phage was then eluted with Glycine-HCl buffer (pH 2) and Glycine-NaOH buffer (pH 11). These processes were regulated by BIAcore Control Software. The eluted phage was then incubated in log phase TG1 cells and glycerol stocks prepared for further repeat panning cycles. Phage titer was measured by counting the number of infected colony cells on Petrifilm (3M Co., St. Paul, MN, U.S.A.).
Phage ELISA Following the panning process, individual TG1 clones were picked, grown at 37°C in 96-well plates and then rescued via M13KO7 helper phage infection. The amplified phage preparation was then blocked with 2% Block Ace (Dainippon Sumitomo Pharma Co., Osaka, Japan) at 4°C for 1 h and then added to an immunoassay plate New primer sets were designed that allowed immunoglobulin genes to be amplified as efficiently as possible by referring previous reports and the Kabat Database. Linker sequences were added downstream of the VL gene primers and upstream of the VH gene primers so that the amplified VL and VH genes could be easily connected. coated with the antigens. Plates were then incubated for 2-3 h, with agitation at 250 rpm, and were then washed three times with phosphate buffered saline/0.1% Tween 20 (PBST), and finally incubated with HRP-conjugated anti-M13 monoclonal antibody (Amersham Bioscience). Plates were then washed once more with PBST and then TMB peroxidase substrate (MOSS, INC.) was added. Absorbance was then measured at 450 nm and 655 nm as a reference.
Dot Blot Analysis Antigens were immobilized on nitrocellulose membranes using the Bio-Dot Microfiltration Apparatus (Bio-Rad Laboratories, Hercules, CA, U.S.A.). The membrane was incubated with blocking solution (10% skimmed milk, 25% glycerol) for 2 h and then washed twice with TBST (Tris buffered saline containing 0.1% Tween 20). The phage preparation was pre-incubated with 90% blocking solution at 4°C for 1 h and then applied to each well. After 2-3 h incubation, the apparatus was washed five times with TBST and then incubated with HRP-conjugated anti-M13 monoclonal antibody. After three further washes with TBST and TBS, the membrane was treated with ECL-Plus reagent (Amersham Bioscience) and detected by use of a CCD image analyzer (LAS-3000, Fuji Photo Film Co. Ltd., Kanagawa, Japan).
RESULT AND DISCUSSION
In this study, we aimed to isolate a scFv monoclonal antibody from a non-immune antibody phage display library constructed using our improved PCR primer set. We specifically designed the primer sets to produce a non-immune antibody library that was superior in variety and accuracy than the past libraries (Fig. 1) . To begin with, we re-designed primers which allowed immunoglobulin genes to be amplified as efficiently as possible by excluding an unnecessary mixture of bases from the previous primer sets. The combinations of primers to amplify the VL and VH genes were approximately four thousand and three thousand sets, respectively. Furthermore, the combination of primer sets to construct a scFv gene was more than ten million. The diversity of this primer set increased by approximately 10000-fold in comparison with that of the past reports. In addition, by using these primer sets randomly, we confirmed that the PCR products were gotten from all reactions (data not shown). In addition, in accordance with our previous report, linker sequences were added downstream of the VL gene primers and upstream of the VH gene primers such that the amplified VL and VH genes were easily connected, thereby reducing the possibility of frame shift in the sequence. Using the modified primer sets, the non-immune murine scFv phage library was prepared by the method described in our previous report.
14)
The titer of the resultant scFv phage library was 2.4ϫ10 9 cfu. The repertoire of this library was as diverse as that of the library previously reported. DNA sequence analysis of twelve clones picked randomly from the library demonstrated no evidence of frame shift in the scFv genes (Fig. 2) . Because the diversity of the CDR3 domain that is important for antigen binding is estimated to be in the region of twenty million, we suggest that our new scFv library has almost equal potential as the murine or human immune system. 18, 19) Additionally, because the pIII protein of phage is generally toxic against E. coli, it was likely that contamination of the plasmid coding for the frame-shifted scFv gene promotes the production of the wild type phage that does not display antibody (data not shown). This means that we could not isolate antibodies by pannig because the wild type phage is amplified faster than the antibody displaying phage. However, we strongly believe that this library was of high quality because all randomly-picked clones maintained the scFv sequence.
To obtain an antibody for a target antigen by using the phage display system, it is important to effectively increase the phage clones interact with the target antigen by repeated affinity panning. Although an immunoplate or immunotube is commonly used for the affinity panning, 20, 21) it is commonly known that these techniques are inefficient in terms of antibody enrichment, are difficult to automate and exhibit difficulties in controlling the precise settings for panning conditions. Therefore, our present study utilized an automated microfludics system with a surface plasmon resonance analyzer (BIAcore 3000, BIAcore International AB, Uppsala, Sweden) to ensure that the panning procedure was both easy and optimized.
Generally, either acidic or basic solutions are required for the elution step during panning. 12, 22) In our study, both acidic (pH 2) and basic (pH 11) buffers, containing a surfactant, were used for the elution step to completely dissociate the entrapped antibodies at high affinity. To evaluate the usefulness of the library, affinity panning against the human KDR, as a model antigen, was performed (Fig. 3) . The experiment involving two rinse procedures exhibited an increase of approximately 100 fold in the ratio of phage titer after the fifth panning, while the experiment involving ten rinses exhibited a 1000-fold increase (Fig. 3A) . Additionally, phage ELISA 1328
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Fig. 3. Enrichment and Cloning of Antibodies to Human KDR from Non-immune scFv Phage Library by Affinity Panning
Enrichment of the desired clones was performed by affinity panning on the immobilized human KDR using the BIAcore 3000 system. (A) The ratio of phage titer at each panning round was plotted. The ratio was calculated as follows: (titer of the output phage)/(titer of the input phage). The closed line represents the data from the procedure involving ten rinses and the dashed line represents the data involving two rinses (B). After the fifth panning on human KDR, the binding properties of the selected phage clones were analyzed by ELISA. The data represent the results of measurement of clones before panning (B), after fifth panning involving two rinses (C) and after fifth panning with ten rinses (D). (E) Amino acid sequences of 8 clones high affinity clones for human KDR analyzed by DNA sequence.
analysis of 250 randomly picked clones showed that the number of positive clones binding to the KDR in the experiment involving ten rinses was higher than that involving two rinses (Figs. 3B-D) . These results demonstrated that an optimized panning procedure with ten rinses effectively enriched the antibody clones specific for the target antigen. DNA sequence analysis of the eight clones of high affinity for human KDR demonstrated that these clones consisted of three different arrangements of antibodies (Fig. 3E) . And then, we also confirmed that soluble formed scFvs of them could bind to KDR (data not shown). ELISA also demonstrated that these anti-KDR antibodies reacted not only with human KDR but also with murine KDR at similar affinity (Fig. 4) . Because of natural tolerance, it is generally difficult to obtain an antibody to not only an antigen which has high homology but also an allogeneic antigen of the immunized animal. However, in our experiment, anti-KDR scFvs isolated from a non-immune mouse antibody library were able to bind murine KDR (allogeneic antigen). Therefore, it is suggested that these antibodies are of great importance to both mouse models and human research. This is because the non-immune scfv phage library, constructed by connecting VL and VH genes in vitro, included a nonexistent repertory naturally. This result shows that our non-immune scFv phage library is a useful technological resource for producing antibodies to autoantigens
We then investigated the binding specificity of the three anti-KDR scFv antibodies by dot blot assay. These antibodies could bind native and denatured KDR, but not other antigens, tumor necrosis factor receptor 2 (TNFR2), luciferase, bovine serum albumin (BSA), importin-a, and importin-b (Fig. 5) . The fact that these scFvs did not react to the TNFR2-Fc chimera indicates that these reacted not with the Fc domain but rather the KDR domain. It was also revealed that the sensitivity of dot blot analysis using the three scFvs as primary antibodies was as high as the level of detection of 100 pg (0.6 fmol) of immobilized antigen by anti-KDR-1 and anti-KDR-3 and 10 ng (60 fmol) by anti-KDR-2 (Fig. 6 ). The detection limit of general antibodies of the IgG type is approximately 1 ng (data not shown). In contrast, anti-KDR-1 and anti-KDR-3 antibodies could detect 100 pg of KDR. The data therefore suggests that the affinity of anti-KDR scFv antibodies is better than antibodies of the IgG type. This shows that the anti-KDR antibodies obtained from our library were of high quality and could recognize very small amounts of antigen.
To examine the usefulness of the library, we tried to isolate an antibody to a previously reported antigen, luciferase (Fig.  7) . As panning to the luciferase was repeated, the output/ input ratio was gradually elevated and the enrichment of the library reached approximately 5000-fold after the fifth pan- The binding properties to human KDR (᭜) and murine KDR (ᮀ) of anti-KDR scFvs displayed on the phage surface were measured by ELISA as described in the Materials and Methods. Three phage clones, anti-KDR-1, anti-KDR-2, and anti-KDR-3 were analyzed. A clone displaying scFv to luciferase was used as a negative control.
Fig. 5. Binding Specificity of Anti-KDR scFv Antibodies
Binding specificity of anti-KDR scFvs was examined by dot blot analysis. Native hu-KDR-Fc-chimera, hu-TNFR2-Fc-chimera, luciferase, BSA, hu-importin-a, hu-importin-b and denatured hu-KDR (100 ng each) were dot blotted onto a nitrocellulose membrane and then the purified anti-KDR scFvs phage was reacted in the wells. (Fig. 7A) . A total of 150 phage clones were randomly picked and their binding to luciferase tested by ELISA (Fig.  7B) . The number of positive clones was increased by affinity panning to luciferase and a high number of clones were successfully isolated. Because the variety of previous primer sets was very excessive, the amplification efficiency of PCR was extremely low. On the other hand, we confirmed that all combinations of these primer sets could amplify effectively. Moreover, antibodies to some antigens could not be isolated from the previous library. Using the present library, however, antibodies to all ten kinds of antigens tested were successfully isolated (data not shown). In addition, anti-KDR scFvs isolated from the present library were far superior in terms of antigen specificity and sensitivity and were able to bind an allogeneic antigen. Collectively, these results suggest that the present library was far superior to the previous one.
Over recent years it has become highly expected that antibodies should be able to be applied not only as a biochemical reagent for basic research but also as diagnostic tools and antibody-based medicine. [23] [24] [25] [26] [27] It is therefore vital to be able to obtain the desired antibody for various antigens rapidly. Because the non-immune scFv antibody phage library reported here can isolate antibodies for various antigens in vitro, we suggest that this resource will prove highly beneficial for future research and clinical applications. Vol. 29, No. 7
Fig. 7. Enrichment and Cloning of scFv Antibodies to Luciferase
Anti-luciferase scFv phages were selected from the non-immune phage library. Five rounds of affinity panning to the luciferase were performed using the BIAcore 3000 system. The ratio of the titer of output phage/input phage at each panning round was plotted (A). After fifth panning, the scFv phage clones of affinity with luciferase were analyzed by ELISA (B).
